Abstract. Three scanning probe microscopy techniques have been developed and applied for thermal and thermoelectric characterization of semiconductor devices and interconnects. These methods are Scanning Thermal Microscopy (SThM), Electrostatic Force Microscopy (EFM), and Scanning Thermoelectric Microscopy (SThEM). The SThM uses a temperature sensor microfabricated at the tip end of an Atomic Force Microscope (AFM) probe to map out temperature distribution on a surface with a spatial resolution approaching 50 nm. This nanoscale thermal imaging method has been applied to obtain surface temperature distribution of nanotransistors, interconnect structures, and molecular electronic devices. Combined with the nanoscale electric field distribution obtained using the EFM, the thermal imaging results can shed light on electron-phonon transport mechanisms in nanoelectronics and can locate defects in the devices. The SThEM employs an ultra-high-vacuum (UHV) Scanning Tunneling Microscope (STM) tip to measure the Seebeck coefficient of nanostructures with a spatial resolution of about 6 nm. This method has been applied to obtain the Seebeck coefficient profile of a p-n junction. An abrupt change of Seebeck coefficient across the junction is observed. This abrupt change allows for accurate junction delineation. The obtained Seebeck coefficient profile further reveals detailed bandstructure and carrier concentration profile.
INTRODUCTION
The invention of the Scanning Tunneling Microscope (STM) 1 and Atomic Force Microscope (AFM) 2 has led to a number of metrology techniques that are capable of imaging surface properties with a sub-micron resolution. Many of these methods are well suited for applications in semiconductor characterization. This paper describes three of these scanning probe techniques, namely Scanning Thermal Microscopy (SThM) 3 , Electrostatic Force Microscopy (EFM) 4 , and Scanning Thermoelectric Microscopy (SThEM) 5 . The SThM can map surface temperature distribution of operating semiconductor devices with a spatial resolution approaching 50 nm; while the EFM can image electrical field distribution with a resolution of 10 nm. These two methods can be used to reveal electron-phonon transport and heat dissipation mechanisms in semiconductor devices, as well as for locating defects in devices. The SThEM can be used to map the thermoelectric power of a semiconductor with a sub 10 nm spatial resolution, and will potentially find use for profiling shallow semiconductor junctions.
The following sections will describe the measurement principles and recent development of these three metrology tools.
SCANNING THERMAL MICROSCOPY
Scanning Thermal Microscopy (SThM) is capable of qualitatively imaging temperature distributions and thermal properties with spatial resolution in the sub-100 nm regime. The SThM maps surface temperature distribution by raster scanning a sharp temperaturesensing tip across the surface. Usually the tip is mounted on a micro cantilever beam such that a constant tip-sample contact force is maintained by the force feedback loop of an atomic force microscope (AFM). The spatial resolution of SThM is unparalleled compared to other thermal imaging techniques based on far-field optics, such as infrared 6 and laser reflectance 7 techniques, whose spatial resolutions are diffraction limited to be on the order of wavelength. The superior resolution of SThM has made it attractive for thermally detecting failures in ultra-large scale integrated (ULSI) devices, whose minimum feature sizes are scaling down to below 100 nm, and for measuring thermophysical properties of thin films and nanostructures.
The temperature-sensing probe is the key component in SThM. In the past, thermal probes were usually fabricated individually 8 ' 9 , making the process very time consuming and irreproducible. More importantly, for most probes, lack of thermal design led to probes that produced inaccuracies and artifacts in the thermal measurements. To address theses issues, we have thermally designed and batch fabricated micro cantilever probes for SThM 10 . Figure 1 shows the cross section and scanning electron micrographs of a microfabricated thermal probe. The SiN x cantilever was 128 um long, 18.4 jam wide, and 0.89 um thick. The tip was made of SiO 2 , and was 8 um high and the cone angle of the tip was 36 °. Pt and Cr films were sputtered and patterned on the cantilever and the tip. The thickness of each metal was 75 nm on the cantilever. Because of the steep slope of the tip, the metals deposited on the tip were much thinner, in the range of 20-25 nm for each metal. The two metals were separated by a 270 nm thick SiO2 film except at the very end of the tip. The junction at the tip end was 600 nm wide at the base and 900 nm high. The tip diameter was 90 nm as measured by SEM.
The microfabricated thermal probes have been used extensively for measuring the temperature distribution of micro/nano electronic devices 11 ' 12 ' 13 . Figure 2 demonstrates the spatial resolution of the thermal probe.
The thermal probes were also used to study localized heating in different VLSI submicrometer Wplug via structures fabricated by Texas Instruments, Inc. The via samples consisted of two levels of 0.6 um thick Al-Cu metallization that were separated by a layer of 0.9 jam thick SiO 2 and connected through one or more W-plug vias. There was a 0.1 jj,m TiN layer on the top and bottom of each metal line. The samples were coated with a standard passivation layer of 1 um thick SiO 2 followed by a capping layer of 0.3 um thick Si 3 N 4 , as shown in Fig. 3 . The topography, cross section, and SThM-measured temperature distribution of one via structure are also shown in Fig. 3 . For this particular sample, the two metal lines were 3 um wide and were connected by three 0.4 (am diameter vias. The temperature rise in the vias was determined from the change in electrical resistance using a TCR of l.OlxlO" 3 K' 1 from an earlier work 14 . The via temperature was measured by the resistive thermometry as a function of current. For a current of 40.5 mA, the temperature rise in the via was 30 K. During scanning, the maximum temperature rise in the junction was found to be 15 K when the probe was directly on top of the via. The high temperature region spreads to the current flow direction.
ELECTROSTATIC FORCE MICROSCOPY
In EFM, an AFM tip with a voltage V tip is scanned over a nanotube sample and the electrostatic force between the sample and tip is measured in one of two ways. In the first, called dc-EFM, the AFM is operated in noncontact mode with the cantilever oscillated near its resonant frequency at a small fixed height above the sample. The changing electrostatic force with z gives a shift in the resonant frequency and the phase Afiof the cantilever oscillation, A<pac (cfc/dz 2 ) (V tip + (f>~ V s ) 2 , where V s is the voltage within sample, V tip is the tip voltage, and C is the tip-sample capacitance. The measured signal is thus proportional to the square of the dc voltage difference between the tip and the sample. In the second approach, called ac-EFM, the cantilever is made to oscillate by an ac potential that is applied to the sample at the resonant frequency of the cantilever. This produces an ac force on the cantilever proportional to the local ac potential V s (co) beneath the tip, F ac ( 
a)) = (dC/dz}(V tip +(/))Vs(w).
The resulting oscillation amplitude is recorded using an external lock-in amplifier; the signal is proportional to V s (co). Calibration of this signal is made by applying a uniform V S (CD) to the whole sample and measuring the response of the cantilever.
We have employed the EFM for mapping voltage distribution in nanotube electronics. Figure 4 shows the AFM topographic image of a sample containing a 7-nm diameter MWCN on 1-fim-thick SiO 2 of a Si wafer. Four 30-nm-thick Au/Cr lines were patterned on top of the MWCN by electron beam lithography and lift off technique. The ac-EFM technique was used to determine various electrical resistances in the device. A 100 mV AC voltage was applied at contact 2 with contact 3 grounded and contacts 1 and 4 floating. The obtained EFM image was shown in Fig. 4b . The voltage profile shown in Fig. 4c indicates that voltage decayed almost linearly along the MWCN and there were large voltage drops near the two contacts. The two terminal resistance measured with a bias of 100 mV between contacts 2 and 3 was 52 KQ. From the EFM data, it was estimated that the electrical resistance was about 26 KQ in the tube, and 16 and 10 KO at contacts 2 and 3, respectively. The segment of the tube between contacts 2 and 3 was 2.6 um long. Therefore, the resistance in the tube was about 10 KQ/n-m. The linear voltage drop along the tube and the resistance value confirm the results from previous EFM study 15 that MWCNs behave as a diffusive conductor with a well-defined resistance about 10 KQ/|im. For this device, in addition, the tube-contact interface were not clean, resulting in the much larger contact resistance than that found in the MWCN sample used in the previous EFM experiment.
Passivation

Vias
In this work, the SThM is further used to determine whether the MWCN is dissipative. In the experiment, a voltage of 0.7 V was applied at contact 4 with contact 1 grounded and contacts 2 and 3 floating. This resulted in a current of 9.3 (iA between contacts 1 and 4. The corresponding thermal image and temperature profile were shown in Figs. 4d and 4e. It is clear that the temperature at the middle was higher than those close to contacts 2 and 3 and the overall curvature of the profile is negative. This indicates that heat was indeed dissipated in the bulk of the tube.
SCANNING THERMOELECTRIC MICROSCOPY
The SThEM is a new method for mapping the nanoscale electronic structure of semiconductor devices with a nanometer spatial resolution. The key of this method is a technique for nanoscale mapping thermoelectric power that closely correlates with the electronic band structures and carrier statistics. Using a p-n junction as a model system, we have demonstrated that the SThEM method can reveal detailed electronic structure with a spatial resolution far superior to other scanning probe microscopy techniques. This unique capability of profiling thermoelectric power with nanometer resolution can potentially find many applications including shallow junction profiling. . In their experiment conducted in air, an atomically sharp metal STM tip was scanned on the surface of the sample at a constant height. The sample was heated to about 30 K higher than the tip temperature held at ambient. This temperature difference creates a thermoelectric voltage corresponding to the local chemical potential of the sample. The obtained chemical potential map shows an atomic modulation. To our knowledge, however, the origin of the atomic modulation has not been clearly identified. Our SThEM scheme is rather different from the SCPM especially in two aspects. First, our measurement is conducted in UHV. Second, we allow a nanoscale elastic contact between the tip and the sample. In our setup, a heater wire attached to the sample holder was used to raise the sample temperature 10-30 K above ambient. The tip-sample contact is realized in the following procedure. At each point, after a tip-sample gap of about 1 nm was stabilized by feedback controlling a constant tunneling current, the control loop was disconnected by a manually-triggered relay and the STM bias was reduced to zero, as illustrated in Fig. 5 . The tip and the sample were then connected to a voltage measurement STM bias Relay Current preamp * Figure 5 . Schematic diagram of the SThEM loop, preferably an electrometer with an input impedance larger than 10 13 Q. Subsequently, the piezo-tube of the STM was used to drive the tip step by step at 0.5 A per step toward the sample. Large fluctuation in the measured tip-sample voltage was observed before the tip contacted the sample. The fluctuation is thought to be caused by a large and fluctuating tunneling resistance between the metal tip and the semiconductor sample. As the tip made a nano-contact with the sample, the voltage signal was found to be very stable. Further progression of the tip often caused crash. Therefore, the tip was slightly moved back and forth by up to 1 A around the contact position to verify the stability of the measured voltage as well as to maintain an elastic contact. After the voltage measurement was made at each point, the sample was scanned to obtain a STM height image, which showed little change of image resolution and a lateral shift of less than 2 A. This measurement scheme is made feasible by the low drift (-10 A/hour) and high vertical resolution (~0.1 A) of the UHV STM.
The voltage measured between the tip and the sample during the nano-contact is caused by thermoelectric effects. As the tip contacts the sample, band bending occurs due to the formation of a Schottky junction. This leads to a built-in contact potential. Under an isothermal condition, however, the built-in potential does not contribute to the voltage measured between the back sides of the tip and sample. On the other hand, the contact of a colder tip and a hotter sample creates a temperature gradient in the sample concentrated near the contact (see Fig. 5 ). The temperature gradient induces carrier transport due to diffusion and phonon drag, leading to a thermoelectric voltage proportional to the local S, i.e.
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where T c and Tj are the temperatures of the contact and the back side of the sample, respectively, and S is the local thermoelectric power, also referred as Seebeck coefficient, of the sample. The thermoelectric power of the metal tip and lead wires is much smaller than that of a semiconductor sample, and thus is ignored.
We have chosen a GaAs p-n junction as a model system for characterizing the SThEM, because the thermoelectric power profile across a p-n junction is expected to exhibit a unique nanoscale feature. In a pn junction, both majority and minority carriers contribute to 5, i.e.
nS n +pS p S = -n + p (2) where n and p are electron and hole concentrations, respectively, and S n and S p are the Seebeck coefficient of electrons and holes, respectively. For the case that one carrier concentration is much higher than the other, S reduces to either S n or S p depending on the majority carrier type. Expression for S has been derived using the Boltzmann Transport Equation 17 . For example, for non-degenerate semiconductors, 2
and,
where E c and E v are the conduction and valence band edges, E F is the Fermi level, k B is the Boltzman constant, e is the electron charge, T is the temperature, r e and r h are the electron and hole scattering parameter, respectively. For a semiconductor such as GaAs, typically the scattering parameters are r e = r h = 1/2 at a temperature much lower than the Debye temperature. The second equity is derived from the Fermi-Dirac distribution, where n and p are the electron and hole concentrations, N c and N v are the effective density of states of electrons and holes, respectively. Equation 3
shows that S correlates closely with bandstructure and carrier concentration. This allows for profiling the latter parameters by mapping S, Using SThEM, we have observed an nanometer scale abrupt inversion of the polarity of Seebeck coefficient across a GaAs p-n junction 18 , as shown in determination of the electronic junction with more than three-fold improvement in terms of spatial resolution over other junction profiling methods based on STM.
SUMMARY
Three scanning probe microscopy methods, namely SThM, EFM, and SThEM can be invaluable metrology tools in semiconductor characterization laboratories. Using these tools, one can obtain temperature and voltage distribtuion of operating devices as well as electronic bandstracture and carrier profiles with nanometer scale resolution. These information are highly needed for characterizing defects and dopants in state-of-the-art nanoelectronic devices.
